Proteolysis of topologically sealed right-side-out and inside-out membrane vesicles from Escherichia coli with chymotrypsin, trypsin, or papain inactivates lac carrier function in a symmetrical manner. Concomitantly, the electrophoretic mobility of lac carrier protein photoaffinity labeled in situ with p-nitro[2-
3H]phenyl-a-D-galactopyranoside is altered from a relative Mr Of 33,000 to 20,000, and the time course of proteolysis is almost identical in vesicles of opposite polarities. In contrast, solubilization of the vesicles in NaDodSO4 followed by proteolysis causes fragmentation of the Mr 33,000 band into material that electrophoreses at the solvent front. Notably, proteolysis has no effect whatsoever on the ability of the lac carrier protein to bind substrate, as judged by photoaffinity-labeling experiments. Furthermore, the electrophoretic patterns of samples proteolyzed prior to photoaffinity labeling are the same as those observed when the procedures are reversed. These results show that the lac carrier protein spans the membrane and indicate that the binding site resides within a segment that is embedded in the bilayer.
Transport of ,B-galactosides in Escherichia coli is mediated by the product of the lac y gene, the lac carrier protein or lac permease, which translocates substrate with protons in a symport reaction (see ref. 1 for review). Accordingly, in the presence of a proton electrochemical gradient (AA+ interior negative or alkaline), downhill translocation of protons drives uphill transport of substrate and, conversely, downhill translocation of substrate in the absence of a A.H+ drives uphill transport of protons.
In 1978, the lac y gene was cloned into a recombinant plasmid (2) , allowing elucidation of its sequence and that of the lac carrier protein (3), as well as amplification of the carrier (2) and its synthesis in vitro (4) . Subsequently, solubilization and functional reconstitution of lactose transport activity was reported (5) and a specific photoaffinity label for the protein was described (6) . The use of these techniques has recently culminated in the extensive purification of a single protein, its identification as the product of the lac y gene, and the demonstration that it is the only polypeptide in the cytoplasmic membrane needed for lactose-proton symport (7) (8) (9) (10) . In addition, monoclonal antibodies against purified lac carrier protein have been prepared and characterized (11) . One of these antibodies markedly inhibits transport without altering the ability of the carrier to bind substrate, and it is directed against an epitope that is readily accessible on the external surface of the membrane (11, 12) .
The lac carrier protein is a very hydrophobic polypeptide of Mr 46,504 (3, 7) , containing 417 amino acid residues of known sequence (3) . Based on CD measurements showing that the purified protein has an extremely high helical content and on the hydropathic profile of the protein, a prediminary secondary structure model has been proposed for the lac carrier that makes the explicit prediction that the protein extends through the bilayer (13) .
In this paper, we describe experiments with topologically sealed membrane vesicles that have either the same polarity [right-side-out (RSO); refs. [14] [15] [16] [17] [18] [19] or the opposite polarity [inside-out (ISO); refs. [20] [21] [22] as the membrane in the intact cell. Based on functional criteria and on the electrophoretic mobility of lac carrier protein photoaffinity labeled in situ, it appears that the carrier is accessible to proteases from either surface of the membrane. These and other studies show that the lac carrier is a transmembrane protein and that the binding site is contained within the bilayer.t MATERIALS AND METHODS Growth of Cells and Preparation of Membrane Vesicles. E. coli T206, which carries the lac y gene in a recombinant DNA plasmid, was grown and induced with isopropyl 1-thio-,B-D-galactopyranoside as described (23) . RSO membrane vesicles were prepared by osmotic lysis as described (14, 16) , except that lysozyme and sucrose were used at final concentrations of 50 ,g/ ml and 30%, respectively, for the preparation of spheroplasts. ISO vesicles were prepared by passage through a French pressure cell at 8,000 psi (1 psi = 6.9 kPa) (20) (21) (22) .
Photoaffinity Labeling. The lac carrier protein in RSO and ISO membrane vesicles was photoaffinity labeled with p-nitro[2-3H]phenyl a-D-galactopyranoside (NPG) as described (6) .
A suspension of vesicles was placed in a water-jacketed vessel maintained at 25°C and irradiated at A > 300 nm in the presence of 20 ,uM [3H]NPG (10 Ci/mmol; 1 Ci = 37 GBq) and 20 mM D-lactate under argon. Where indicated, fD-galactopyranosyl 1-thio-,B-D-galactopyranoside (Gal-S-Gal) was added to the reaction mixtures to a final concentration of 20 mM to control for nonspecific labeling. When incorporation of radioactivity was constant with time, the vesicles were collected by centrifugation [30 min at 40,000 x g for RSO vesicles; 120 min Abbreviations: A.H+, proton electrochemical gradient across the membrane; AT, electrical potential across the membrane; RSO, right-sideout; ISO, inside-out; NPG, p-nitrophenyl a-D-galactopyranoside; Gal-S-Gal, f3-D-galactopyranosyl 1-thio-/-D-galactopyranoside; PhMe-S02F, phenylmethylsulfonyl fluoride; Dns6-Gal, 6 added to terminate the action of chymotrypsin and trypsin or papain, respectively, and the vesicles were centrifuged and washed twice with 50 mM phosphate buffer (pH 6.8) containing the appropriate protease inhibitor at a final concentration of 2 or 4 mM, respectively. NaDodSO4/Polyacrylamide Gel Electrophoresis. Na-DodSO4/10-20% polyacrylamide gradient gel electrophoresis with 5% (wt/vol) polyacrylamide in the stacking gel was carried out (24) on samples that had been incubated for 1 hr at 37C prior to electrophoresis. Mr values were determined relative to standards (Pharmacia). After staining with Coomassie brilliant blue G. gels were destained and prepared for fluorography by standard procedures (25, 26) . The gels were equilibrated with dimethyl sulfoxide, soaked in water, dried, and exposed to Kodak RP Royal X-Omat film at -70°C for 3 days. Exposed films were developed for 6 min at 20°C in Ilford PQX-1 developer. Where indicated, the density of the film image was quantitated by using the scanning densitometer accessory of a Beckman DU-8 spectrophotometer at 550 nm.
Counterflow Activity. The effect of dilution-induced carriermediated lactose efflux on 6'-(N-dansyl)aminohexyl 1-thio-,B-Dgalactopyranoside (Dns6-Gal) fluorescence was measured as described (27) . RSO or ISO vesicles were centrifuged and resuspended in 50 mM potassium phosphate (pH 6.6) to a final concentration of 50 mg of protein/ml. The vesicles were then passively loaded with 20 mM lactose by incubation for 3 hr at room temperature. Reaction was initiated by diluting an aliquot of the suspension 1:150 into 50 mM potassium phosphate, pH 6.6/6 ,uM Dns6-Gal. Fluorescence was recorded at 500 nm (excitation, 340 nm) using a Perkin-Elmer MPF4 spectrophotofluorimeter.
Transport Assays. Transport of [1-14C]lactose was measured under oxygen with reduced phenazine methosulfate as electron donor (28) . Protein Determinations. Protein was measured as described (30) using bovine serum albumin as standard.
RESULTS
Effect of Proteolysis on Lactose Transport. To test the overall effects of proteolysis on the lac transport system, RSO vesicles were first treated with relatively high concentrations of chymotrypsin, trypsin, or papain for various periods of time and then assayed for respiration-driven active transport of lactose ( Fig. 1 ). After 10-15 min of incubation with chymotrypsin, the initial rate of transport decreases by 50% and, after 150 Effect of chymotrypsin digestion on respiration-driven lactose transport in RS0 membrane vesicles. Aliquots (25 ,ul) of RS0 membrane vesicles containing 100. yg of membrane protein were diluted to a final vol. of 50 ILI containing (final concentrations) 50 mM potassium phosphate (pH 6.8), 10 mM MgS04, and 50 Ag, of chymotrypsin. Samples were incubated at 25°C and, at the times indicated, PhMeSO2F (final. concentration, 2 mM) was added to terminate proteolysis. Immediately.thereafter, initial rates oflactose transport were measured at 10 sec in the presence of 20 mM ascorbate/0.1 mM phenazine methosulfate as described (28 papain under the same conditions has similar effects, although the time course of trypsin inactivation is about half as fast as that observed with. the other two proteases (data not shown). Treatment of the vesicles with these proteases for periods of up to 150 min has no effect whatsoever on generation of the AT. Thlus, as judged by -flow dialysis in the presence of [3H]Ph4P+ and reduced phenamine methosulfate (29) , AT values of -110 to -120 mV were obtained at pH 7.5 in untreated and proteolyzed vesicles. Clearly, prolonged exposure of the vesicles to proteases has no significant effect on the passive permeability of the membrane.
When RSO (27) or ISO membrane vesicles (31) are equilibrated with lactose and -then diluted into media containing DnS6_ Gal, a transient increase in fluorescence is observed at 500 nm, and the phenomenon is absolutely dependent on the presence of functional lac carrier protein. By this means, the effects of proteolysis from.either surface -of the, membrane on lac carrier function can be determined. (Fig. 2 ). Dilution of untreated RSO.
( Fig. 2a , tracing A) or ISO vesicles (Fig. 2b , tracing A) 6containing 20 mM lactose into medium containing 6 AuM Dns -Gal leads to a sharp increase in fluorescence that peaks within 15-30 sec and then returns rapidly to the baseline.. Addition of pchloromercuribenzenesulfonate, a-sulfhydryl reagent that inactivates lac carrier function, abolishes the phenomenon (tracings G). Treatment with, chymotrypsin~causes time-dependent diminution in the "overshoot" (tracings B-F), and the time course of inactivation is similar with RSO and ISO vesicles (compare, Fig. 2a with- Fig. 2b and for 0 min (tracings A), 0.5 hr (tracings B), 1 hr (tracings C), 2 hr (tracings D), 3 hr (tracings E), or 4 hr (tracings F). Samples F, which were incubated with chymotrypsin for a total of 4 hr, were supplemented with an additional 2 mg of protease after 3 hr of incubation. After addition of 2 mM PhMeSO2F, the vesicles were collected by centrifugation in a Beckman Airfuge at about 160,000 x g for 30 min, washed twice with 50 mM potassium phosphate, pH 6.8/2 mM PhMeSO2F, and resuspended to a final concentration of about 50 mg of protein/ml in the same buffer. Lactose was then added to a final concentration of 20 mM, and the samples were incubated at 2500 for 3 hr to allow equilibration with the intravesicular space. Aliquots ofthe preequilibrated vesicles (10 1.l, 0.5 mg of membrane protein) were added to cuvettes containing 1.5 ml of 50 mM sodium phosphate, pH 6.6/6 MtM Dns6-Gal (27) . For tracings G, unproteolyzed control vesicles previously equilibrated with lactose were diluted into a cuvette under identical conditions except that 4 mM p-chloromercuribenzenesulfonate (final concentration) was also present. Similar tracings were obtained when the vesicles were not preequilibrated with lactose or when 20 mM lactose was added to the cuvette (27) . Fluorescence was recorded at excitation, 340 nm; emission, 500 nm. Fluorescence maxima relative to control samples are shown in Fig. 4 .
Proteolysis of lac Carrier Protein in RSO and ISO Vesicles.
[3H]NPG is a highly specific photoaffinity probe for the lac carrier protein (6), a result that is confirmed and extended by the results shown in Fig. 3 (lanes A). In these experiments, RSO (Fig. 3a) and ISO (Fig. 3b ) vesicles were photolabeled with [3H]-NPG under anaerobic reducing conditions, washed extensively, and subjected to NaDodSO4/polyacrylamide gel electrophoresis followed by fluorography. With vesicles of either polarity, the bulk of the radioactivity migrates at Mr 33,000 § with a relatively minor band at a higher Mr (60,000). Since both bands are absent when photolabeling is carried out in the presence of excess Gal-S-Gal and the same bands are observed in similar proportions when the gels are assayed for binding of monoclonal antibodies against purified lac carrier protein (11) , it is likely that the Mr 60,000 material represents an aggregate of the lac carrier. In any event, chymotryptic digestion of either RSO or ISO vesicles containing photolabeled lac carrier protein leads to a decrease in the intensity of the bands at Mr 33,000 and 60,000 and the appearance of a band at Mr 20,000 (lanes B-F). A less intense band also appears at about Mr 50,000 that may be an aggregate of intact lac carrier with the Mr 20,000 fragment. Although it may not be readily apparent from the images presented, further addition of chymotrypsin after 3 hr -G) . Samples G, which were incubated with chymotrypsin for a total of 4 hr, were supplemented with an additional 40 l.g of protease after 3 hr of incubation. After addition of 2 mM Ph-MeSO2F, the vesicles were collected by centrifugation in a Beckman Airfuge at about 160,000 X g for 30 min, washed twice with 50 mM sodium phosphate, pH 6.8/2 mM PhMeSO2F, and resuspended in the same buffer to a final concentration of 10-15 mg of protein/ml. Aliquots (20 ,ul) were mixed with equal volumes of sample buffer, incubated for 1 hr at 370C, and subjected to NaDodSO4/10-20% polyacrylamide gradient gel electrophoresis (24) . Separate lanes (data not shown) contained molecularweight standards (RNase, 13,700; chymotrypsinogen A, 25,000; DNase, 30,000; ovalbumin, 45,000; bovine serum albumin, 68,000). The gel was stained with Coomassie brilliant blue G, destained, dried, and fluorographed. Although only the relevant areas of the fluorograms are shown, no radioactive bands were apparent between Mr 20,000 and the dye front. Similar results were obtained with trypsin or papain and when the vesicles were proteolyzed priorto photoaffinity labeling. Densitometry measurements from these fluorograms are presented in Fig.   4 .
of incubation (lanes G) causes almost complete conversion of the Mr 33,000 band to the Mr 20,000 one (see Fig. 4 ). Finally, similar results are obtained with papain (see below) and trypsin (data not shown).
More quantitative treatment of the data and comparison with those presented in Fig. 2 show that there is a correlation between proteolysis of the lac carrier and loss of lactose-Dns6-Gal counterflow activity (Fig. 4) . The decrease in intensity of the Mr 33,000 band with time in the presence of chymotrypsin or papain exhibits a profile similar to that observed for the decrease in counterflow activity, and the appearance of radioactivity at Mr 20,000 varies reciprocally. Moreover, the profiles obtained with RSO and ISO vesicles are comparable.
Although data will not be presented in detail, certain additional points are noteworthy. (i) When RSO or ISO vesicles are solubilized in NaDodSO4 and then proteolyzed with chymotrypsin, trypsin, or papain, the radioactive band at Mr 33,000 is fragmented into pieces that migrate at the front of the gels. Therefore, the proteolytic changes observed with intact membrane vesicles must result from structural constraints imposed by the membrane. (ii) When gels similar to those shown in Fig.  3 are subjected to electroblotting and solid-phase radioimmunoassay with monoclonal antibodies and "2I-labeled protein A (11) , essentially identical patterns are obtained. (iii) Proteolytic digestion of proteoliposomes reconstituted with purified lac carrier protein (7, 8) followed by NaDodSO4/polyacrylamide gel electrophoresis also yields results similar to those shown in Fig. 3 . (iv) Similar results are obtained with RSO and ISO vesicles from E. coli ML 308-225, a haploid strain containing a single copy of the lac y gene. Fig. 2 (tracings B-F) are plotted as a percentage of those of control samples (tracings A). * and e, densities of the Mr 33,000 and 20,000 bands shown in Fig. 3 (lanes B-G) , respectively, are plotted as a percentage of the Mr 33,000 band in lanes A (densities at Mr 33,000 and 20,000 were summed and normalized with respect to densities of the Mr 33,000 bands in lanes A). Also shown are data obtained from fluorograms analogous to those shown in Fig. 3 in which RSO and ISO vesicles were proteolyzed for given times with pa. pain at a protease/membrane protein ratio of 1:10 (A, Mr 33,000 band; 0, Mr 20,000 band).
Effect of Proteolysis on Photoaffinity Labeling of the Lac Carrier Protein. Although proteolysis of the lac carrier protein inactivates All-driven active transport and counterflow, the ability of the carrier to bind substrate remains completely intact (Fig. 5 ). In the experiments shown, untreated RSO vesicles and RSO vesicles that had been digested with chymotrypsin were irradiated with light under anaerobic reducing conditions in the presence of [3H]NPG, and the time course of incorporation was followed. The rate and maximum level of incorporation are identical in both preparations. Furthermore, when specific incorporation into the lac carrier is determined by correction for nonspecific labeling in the presence of excess Gal-S-Gal, approximately 1.2 nmol of [3H]nitrophenol is incorporated per mg of membrane protein (Fig. 5 Inset) , a value commensurate with the enhanced level of lac carrier protein present in the membrane of E. coli T206 (2, 23, 32) . The same results are obtained with ISO vesicles and with trypsin or papain instead of chymotrypsin, and NaDodSO4/polyacrylamide gel electrophoresis of samples that were proteolyzed prior to photolabeling gives patterns identical to those shown in Fig. 3 (data not shown). Finally, when RSO or ISO vesicles are photolabeled, washed extensively in buffer, and then proteolyzed with each of the three proteases, no significant loss of radioactivity from the vesicles is observed.
DISCUSSION
The experiments presented here show that the lac carrier protein traverses the cytoplasmic membrane of E. coli. Proteolysis of topologically sealed membrane vesicles of opposite polarities with three different proteases abolishes lac carrier function (i.e., lactose-Dns6-Gal counterflow). The time course of inactivation is similar with RSO and ISO vesicles and correlates reasonably well with the time course of proteolysis of the lac carrier, as judged by the alteration in electrophoretic mobility of photolabeled carrier from Mr 33,000 to 20,000.
The results show that the substrate binding site is protected Time, min FIG. 5. Effect ofproteolysis on photoaffinity labeling ofthe lac carrier protein in RSO membrane vesicles. Membrane vesicles (2 mg of membrane protein) were incubated for 90 min with (s and o) and without (u and a) 1 mg ofchymotrypsin in 50 mM potassium phosphate (pH 6.8) at 2500. After addition of 2 mM PhMeSO2F, the vesicles were collected by centrifugation at 40,000 x g for 30 min, washed, and resuspended in the same buffer containing 2 mM PhMeSO2F to a concentration of 2 mg of protein/ml. The suspensions were diluted to a final concentration of 0.5 mg of protein/ml in 50 mM potassium phosphate buffer (pH 7.5) without (a and *) and with (o and o) Gal-S-Gal (final concentration, 20 mM), and 5 ml was placed in the photolysis chamber. Suspensions were incubated under argon for 5 min, and D-lactate was added to a final concentration of 20 mM. After another 5 min of incubation, [H]NPG (347 mCi/mmol) was added (final concentration, 20 LM) and illumination was initiated (6) . At given times, 200-/Al aliquots were removed and mixed vigorously with 5 ml of cold 10% trichloroacetic acid. Precipitates were collected by filtration and assayed for radioactivity by liquid scintillation spectrometry. (Inset) Difference in incorporation between samples photolyzed in the absence and presence of Gal-S-Gal (in nmol/mg of protein) as a function of time. Identical results were obtained with proteolyzed and untreated control vesicles. from proteolysis and thus suggest that this site may be embedded in the membrane. Under conditions in which the protein is degraded to a Mr 20,000 fragment, photoaffinity labeling is completely unaffected and the electrophoretic mobility of the labeled fragments is virtually identical to that observed after proteolysis of the intact photolabeled carrier. In addition, proteolytic digestion of vesicles containing photolabeled carrier does not cause release of radioactivity.
At first glance, it is puzzling that proteolysis of the lac carrier protein in RSO and ISO membrane vesicles yields labeled fragments of Mr 20,000, particularly in view of other observations showing that the protein is inserted asymmetrically into the membrane [i.e., iodinated monoclonal antibody 4B1 (11) binds almost exclusively to RSO vesicles containing the lac carrier protein but not to analogous ISO vesicles (12) ]. Recently, however, a preliminary secondary structure model for the lac carrier protein has been formulated (13) that allows a tentative explanation of the findings. Based on analysis of the sequential Biochemistry: Goldkorn et aL hydropathic character of the protein and on the observation that 85 ± 5% of the amino acid residues in the protein are arranged in helical secondary structures, it has been postulated that the lac carrier consists of 11 to 12 a-helical segments that traverse the bilayer in a zigzag manner. Punctuating the transmembrane a-helical domains are shorter hydrophilic stretches that contain reverse turns and, in many respects, the model resembles that suggested for bacteriorhodopsin (33, 34) .
Although it is impossible to provide a detailed explanation for the data without more chemical information;one seasonable explanation for the observations is presented schematically in Fig. 6 . Shown are the four putative transmembrane helical segments that comprise the middle of the intact-polypeptide (numbered 5-8) and the nonhelical stretches connecting them. The orientation of the polypeptide with respect to the membrane is unknown, but this point is not essential to the considerations. Assuming that the cysteine residue at position 148, which is protected from alkylation by substrate (35) , is contained within the substrate binding site or in its vicinity, it seems a reasonable possibility that [3H]NPG photolabeling occurs within the aminoterminal half of the molecule. Furthermore, as shown, it is suggested that proteolytic attack from either surface of the membrane generates labeled fragments that differ in length by only a single transmembrane a-helical segment of 16-20 amino acid residues. Thus, proteolysis on one surface between residues 188 and 222 and on the other surface between residues 237 and 260 would result in two labeled fragments that differ in molecular weight by as little as 1,500-2,000, a difference that cannot be resolved by the techniques used here. Also implicit in the results is a marked difference in the susceptibility of the various nonhelical portions of the molecule to proteolytic attack, despite their apparent hydrophilic nature (13) . Possibly, the differences arise from intramolecular interactions between the helices that prevent the connecting segments from fully interacting with the solvent at the surfaces of the membrane. In any event, recent experiments using monoclonal antibody affinity chromatography and reversed-phase HPLC suggest that these techniques, together with amino acid and NH2-terminal sequence analyses of the purified fragments, may provide the 1+ 63 6~~9 237 260 FIG. 6. Schematic model showing a portion of the lac carrier protein in the membrane and possible proteolysis sites. The scheme shown is derived from the secondary structure model proposed by Foster et al. (13) . The four putative transmembrane helical segments that comprise the middle ofthe intact polypeptide (numbered 5-8) are shown withthe nonhelical connecting stretches. The cysteine residue at position 148 is protected from alkylation by substrate (35) . Arrows indicate possible sites of proteolysis on either side of the membrane. information necessary to resolve the problem on a more definitive level.
